Rheological factor such as shear rate during membrane fabrication process has an effect on properties, structures and performance of membranes. Flat sheet asymmetric PSf/CAP blend membranes were prepared using an automatic casting machine at different shear rates in the range of 42.0 to 201.0 s -1 . Results showed that increasing the shear rate from 42.0 to105 s -1 has increased the molecular orientation and thickness which then reduces the water content, porosity and pure water flux of PSf/CAP blend membranes. However, further increasing the shear rate beyond 105 s -1 has resulted in an increase in the water content of PSf/CAP blend membranes.
Introduction
In the last 30 years of membrane technology development, much efforts are focussed in areas related to membrane materials, dope preparation, fabrication technology and fundamental mechanisms for developing high performance membranes [1, 2] . During those years, the effect of rheological factors such as shear rate on membrane development attracted less attention in membrane research study. Recently, fundamental research on membrane performance has been recognized shear rate as one of the most important elements in membrane fabrication and manufacturing process in ultrafiltration, nanofiltration and gas separation processes [2, 3] .
Rheological factor such as shear rate would affect morphology, physical properties and separation performance of an asymmetric membrane. In recent years, scientists recognized that the rheological condition also plays an important role on the membrane performance [4] . The existence of a critical shear rate which induces optimum molecular orientation at membrane surface which in turn produces defect-free and high performance membrane has been reported by some membranologists [5] [6] [7] [8] . This phenomenon has attracted much interest from researchers.
In this research, flat sheet of polysulfone/cellulose acetate phthalate (PSf/CAP) blend membranes were prepared at different shear rate by an automatic casting machine via wet phase inversion technique. The membranes were characterized in terms of water content and its porosity. Pure water flux test was performed to determine the effect of shear rate on the performance of PSf/CAP blend membranes. Scanning electron microscopy (SEM) was used to investigate the morphological structures of the membranes.
Materials and Methods
Materials. All materials used were of analytical grade. The blend membranes were fabricated from ternary casting solutions which consist of PSf (supplied by Amoco Chemical (USA) S. A.) as membrane back-bone polymer, CAP (purchased from Sigma-Adrich Co.) as hydrophilic polymer and N-Methyl-2-Pyrrolidone (NMP) from MERCK Schuchard OHG (Germany) was used as solvent. Distilled water was used as coagulation bath medium.
Membrane Preparation. Asymmetric PSf/CAP blend membranes were prepared using casting solution formulation with 17 wt% polymer concentration. Five different shear rates were employed, viz.: 42.0 s -1 , 52.5 s -1 , 70.0 s -1 , 105.0 s -1 and 210.0 s -1 in membrane fabrication for the determination of the effect of different shear rates on the performance of PSf/CAP blend membranes. Membranes were fabricated via simple wet phase inversion technique using an automatic casting machine and then immersed directly into a coagulation bath for 24 h to remove excess solvent in the fabricated membranes. The prepared membranes were stored in distilled water prior usage.
Membrane Characterization
Water Content. The water content of the PSf/CAP blend membranes was evaluated for water absorption capacity and calculated by Eq. 1:
Where A is the water content (wt%), W wet is the wet weight of membrane (mg) and W dry is the dry weight of membrane (mg). The water content of the membranes was determined by soaking the membranes in water for 24 h at room temperature. The weight of the wet PSf/CAP blend membranes was first measured after mopping the membranes with a blotting paper and then dried in an oven at 75 o C for 48 h [9] .
Porosity. The porosity of PSf and PSf/CAP blend membranes was evaluated using the expression below [10] :
where W 1 and W 2 are the mass of membrane in wet and dry states (mg), d water is the density of water at room temperature (ml/mg) and V is the volume of the membrane in wet state (ml).
Pure Water Permeation. Pure water flux is important for the determination of membrane stability, hydraulic properties as well as membrane performance. Distilled water was used to determine pure water flux of each PSf/CAP blend membranes sample using dead-end filtration cell. Membranes were then subjected to pure water flux test with varying operating pressure in the range of 1 to 5 bar.
Membrane Morphology. The membrane samples were fractured in liquid nitrogen and sputtered with gold and scanned using Scanning Electron Microscopy (SEM) (JSM P/N HP475 model). SEM was used to inspect the cross-section of the fabricated membranes and morphological structures of PSf and PSf/CAP blend membranes.
Results and Discussion
Water Content and Porosity. Employing different shear rates has affected the surface layer and sub-layer structure of the membranes and subsequently affected its properties and separation performance. Water content and porosity are two membrane characteristics that have indirect relation to the hydrophilicity properties of the membranes. Generally, membrane with high water content and porosity is a hydrophilic and anti-fouling membrane. Results on water content and membrane porosity are tabulated in Table 1 . The water content is inversely proportional to the increasing shear rate being used for the case of PCS-1 to PCS-4. It was observed that increasing shear rate from 42.0
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Sustainable Energy and Development, Advanced Materials to105.0 s -1 has decreased the water content from 84.91 to 78.13%. However, employing the shear rate beyond 105 s -1 has increased the water content of PSf/CAP blend membrane to 79.75%. Similar trend was observed on the porosity of PSf/CAP blend membranes. Increasing the shear rates has affected the molecular orientation on the membrane surface and thus changes the membrane thickness. The porosity of membrane is known to increase with a decrease in the thickness of membrane [11, 12] . Hence, the water content and membrane porosity of the PSf/CAP membranes are dependent on the shear rates performed during preparation of membrane. It was observed that increasing the shear rate from 42.0 to 105.0 s -1 has increased the molecular orientation and thickness which then reduces the water content and porosity of the membranes.
Pure Water Permeation. Results on pure water fluxes of PSf/CAP blend membranes fabricated at different shear rates are shown in Fig. 1 . The pure water flux measurements of all fabricated membranes were measured at five different pressures of 1 to 5 bars. The pure water flux of all membranes increases linearly with the increase in the operating pressure. PCS-1 membrane fabricated at low shear rate of 42.0 s -1 showed highest pure water flux compared to other PSf/CAP blend membranes. Increasing the shear rate from 52.5 to 105.0 s -1 has significantly decreased the pure water flux. Further increasing the shear rate beyond 105.0 s -1 has significantly increased back the pure water flux. PCS-4 membrane which was fabricated at shear rate of 105.0 s -1 showed the lowest pure water flux than other membranes. The pure water flux of PSf/CAP blend membranes fabricated at different shear rate showed an increasing trend, i.e. PCS-1 > PCS-2 > PCS-5 > PCS-3 > PCS-4. Fig. 2 shows SEM micrographs of the cross-section of PSf membranes prepared at different shear rates. All the membranes have shown the so-called asymmetric morphology which was characterized by a thin skin layer and porous sub layer. At low shear rates of 42.0 and 52.5 s -1 , almost similar membrane structure was formed as shown in Figure 2 Increasing the shear rate from 52.5 to 105.0 s -1 reduces the formation of short finger-like structure in the transition layer of membranes. It increases the membrane resistance towards pure water flux for PCS-3 and PCS-4 membranes as shown in Fig. 2(c) and (d) . The reduction of pure water flux of PCS-3 and PCS-4 membranes sheared at 70.0 and 105.0 s -1 was also due to the decrease in macrovoids presence in the sub-layer which is caused by the delayed phase separation process during phase inversion process [13] .
The reduction of the formation of short finger-like structure and macrovoids has significant effect on the pure water flux through the membranes. It has resulted in low permeability coefficient and high membrane hydraulic resistance and has consequently decreased the membrane porosity and pure water flux. Further increasing the shear rate beyond 105.0 s -1 has significantly changed the membrane morphology via formation of long finger-like structure found beneath the skin layer and also by the formation of macrovoids at the bottom layer of PCS-5 membrane as shown in Fig. 2(e) . The existence of these structures has increased the pure water flux of PCS-5 membranes cast at shear rate of 210.0 s -1 . Mckelvey and Koros [14] mentioned that macrovoids were initiated by nucleation of the polymer-lean phase just beneath the skin layer and its growth lies on the rate difference between the diffusion rate of non-solvent to casting solution and the diffusion rate of the solvent to coagulation bath. This phenomenon has induced a non-solvent concentration gradient in casting solution, which then forms a driving force for macrovoids growth and enhances the instantaneous liquid-liquid demixing process of the system. Similar results were also reported by other researchers [8, 15] .
Conclusions
In this study, PSf/CAP blend membranes showed different characteristics, morphology and performance by introduced different shear rate during membrane fabrication process. The water content, porosity and pure water flux were decreased when increased shear rate from 42.0 to 105.0 s -1 . It was observed that increasing the shear rate from 42.0 to 105.0 s -1 has increased the molecular orientation and thickness which then reduced the water content and porosity of the membranes. The increment of these shear rates contributed to the formation of short finger-like structure and decreased the presence of microvoids in the PSf/CAP blend membranes morphology which in turn decreased its pure water flux. However, further increasing the shear rate to 210.0 s -1 , formed PSf/CAP blend membrane morphology with the presence of microvoids and long finger-like structure, and consequently increased the porosity, water content and pure water flux of the blend membrane.
